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rement  of  the  time  distribution  of  positron  annihilations  in  aqueous 


V' 


solutions,  reaction  rates  for  oxidation  of  positronium  by  the  ions 


,  IO3 


and  Hgriave  been  determined.  In  strong  oxidizing  solutions  the  mean  life  of  the 
positrons  reaches  a  lower  limit  of  U.3  x  sec  j  the  short  lifetime 

water  was  measured  arid  found  to  agree  with  this  value.  A  PbCClOjj^OKgO  solution 
reduced  the  intensity  I2'  with  no  significant  change  in  the  long  mean  life 
an  effect  previously  observed  in  nitrate  solutions.  This  may  mean  that  in  these 
two  eases  oxidation  can  occur  before  Ps  is  the  realized  but  not  afterwards.  The 
decay  distributions  from  a  mixture  of  Hg^and  MnO^  ions  in  solution  and  the  Hg 
ion  in  separate  solutions  with  Cl~^and  ClC^fedicated  an  association  taking  place 
between  the  negative  aid  positive  ions. 
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Dm  ittriy  of  pflittfw  mnlhllatloos  is  lltplto  is  dlrwted  towd 
understanding  ths  type  of  latsraotlon  that  loads  to  the  formation  or  de¬ 
struction  of  boon!  states  prior  to  annihilation*  In  voter  approximately 
1/3  of  ths  positrons  pair  with  an  electron  through  an  elect rostetio  attrac¬ 
tion  fowing  a  hydrogen-like  system  called  posit ronium  (Pt).  This  system 
is  oonsldsred  stable  even  though  the  electron  and  positron  annihilate  in 
a  Short  time*  Conditions  are  favorable  for  Pa  formation  when  ths  positrons 
entering  voter  are  sieved  by  inelastic  collisions  to  an  energy  that  Ilea 
in  the  range  called  the  "Ore  gap*.  Tor  the  positron  to  be  within  the  Ore 
gap  its  energy  must  be  less  than  the  first  exitatlon  potential  of  the 
surrounding  molecules,  but  not  below  ths  first  ionisation  potential  minis 
the  binding  energy  of  Ps  (Ea  £  KE  hE^-S^). 

The  paired  electron  and  positron  in  poeit ronium  nay  form  a  singlet 
(spins  anti-parallel)  or  triplet  (spins  pars! lei)  state*  The  mean  life 
for  the  singlet  state  is  1*2$  x  10-40  sea,  decaying  by  self-exmlhilatlan* 
The  triplet  state  lives  mxoh  longer,  1-la  x  10"*  sec,  thus  allowing  other 
decay  mechanism*  to  tabs  plaoe  before  self-annihilation*  * 

The  formation  of  Pa  la  water  was  demonstrated  by  the  position  life¬ 
time  measurements  of  Ball  and  Qwhni.1  Later  Qracn  and  Ball  found  a 
complex  daday  with  about  200  of  the  positrons  having  a  long  naan  life* 

T%.  m  1*6  x  lCT9  sec*  and  the  rest  having  a  naan  life  of  about  3  x  1 (f*° 
see*  Ths  positrons  with  ths  short  assn  lift  reach  tbewal  energy  with¬ 
out  capturing  an  slsstioii,  and  aandhllats  as  fret  positrons*  Thsss  with 
ths  long  awn  Ilfs  fora  trlplst  Ps  ad  art  partially  shielded  from  the 
surrounding  electrons,  hot  eventually  deoay  by  annihilations  with  neighbor* 
ing  sleetrons  by  the  "plotoff  process*^ 


*he  existence  of  on  Itoa  of  9s  in  water  enetiLas  ooo  to  study  chemical 
reactions  between  It  and  Ions  in  solution.  Vhsn  good  oxidising  sgsnts  art 
addsd  to  inter,  the  ions  forasd  capture  the  electron  from  title  Ps  atom. 

This  leaves  the  positron  with  an  energy  too  low  to  font  another  Ps  atom. 

Without  ita  paired  electron  the  positron  is  no  longer  shielded  from  other 
electrons,  thus  its  mean  life  in  water  is  shortened*  This  effect  on  the 
mean  life  has  been  previously  observed  for  the  ions  and  Sb***  J* 

Measurements  of  the  angular  correlation  of  the  two  annihilation  gamma  rays 
also  indicated  the  oxidation  of  Ps  by  the  ions  Cu^and  MnO^”  $ 

In  a  collision  the  Ps  atom  may  be  destroyed  by  oxidation  if  the  electron 
energy  level  of  the  resulting  product  ion  is  lower  than  it  was  in  Ps* 

Even  When  the  electron  energy  level  for  Pa  is  lower  then  the  product  ion, 
the  transfer  of  an  electron  may  still  be  possible  if  the  laokii^  energy 
is  supplied  by  the  kinetic  energy  of  the  reactants.  The  lower  the  product 
ion  energy  level  the  better  it  performs  as  an  oxidising  agent;  the  oorres- 
ponding  oxidation  potential  is  chosen  here  to  became  more  positive  end  is  given 
in  table  I  in  this  senes*  The  oxidation  potentials  only  partially  reflect 
the  ability  of  these  ions  to  sot  as  oxidising  agents  of  Ps*  The  value  for 
an  ion's  oxidation  potential  is  obtained  in  many  eases  from  e  cell  reaction 
involving  several  electrons,  whereas  when  this  ion  resets  with  Ps,  only  one 
electron  is  tmnsfered*  An  maple  of  what  nay  happen  is  given  by  the 
IOj"  ion  in  table  X;  its  oxidation  potential  was  determined  from  e  cell 
reaction  involving  six  elect  rone.  It  is  seen  that  the  10^  ion  has  a  higher 
oxidation  potential  than  the  Kg* and  MnO£  ions,  bat  in  the  least  effective 
as  an  oaddlalng  agent* 

The  reaction  between  Pe  end  an  oxidising  ion  is  different  in  another 


way  from  the  usual  oxidation-reduction  process)  ths  Pa  reaction  dost  not 
com  to  equilibrium.  The  rsveree  raaction  involving  the  reduction  of 
Pa  does  not  take  place,  because  the  Pa  ion  a  positron  will  decay  almost 
Immediately,  Without  equilibrium,  definite  limits  cannot  be  asaingend  to 
the  oxidation  potential  or  binding  energy  of  Po  in  solution.^  The  decay 
distributions  of  positrons  in  these  solutions  Where  chemical  reactions 
take  place  do  give  definite  information.  The  observed  lifetime  of  Ps  pro* 
vides  a  direct  measurement  of  the  forward  reaction  rate  of  Ps  id.th  an  oxldis- 
Ing  ion. 

EXPERIMENTAL  PROCEDURE 

A  $  micro  curie  sou  roe  of  No**  in  the  form  of  Had  dissolved  in  HC1 
mas  evaporated  to  dryness  in  a  glass  vial,  lea  In  diameter  and  3  cm  high. 
The  solution  studied  mas  then  deposited  in  the  vial  and  sealed.  With  this 
arrangement  less  than  2%  of  the  positrons  annihilated  in  the  glass.  Ua22 
emits  almost  simultaneously  s  positron  end  e  1.3  Mev  gamma  rayj  ths  pos¬ 
itron  annihilates  in  ths  solution  giving  off  two  .$11  Mev  gamma  rays. 

The  apparatus  measures  the  time  Interval  between  the  nuclear  game  ray  and 
one  of  the  annihilation  gaama  rays. 

Details  of  short  lifetime  maasurestnts  are  well  known.  Two  scintilla¬ 
tion  oouotera  view  the  radiation)  a  pulse  from  one  dynode  of  each  counter 
goes  to  an  amplifier  and  pulse  height  selector  which  selects  a  1*3  Mev 
gasM  ray  from  one  counter  and  s  .511  Mev  annihilation  gamma  ray  from  the 
other.  Whan  the  two  odleetor  outputs  are  in  coincidence,  s  gate  is  open¬ 
ed  allowing  a  sixty  channel  pulse  height  analyser  to  accept  end  sort,  s 
pulse  from  s  tias-to-awplltuda  converter.  Ths  converter  output  is  propor¬ 
tional  to  the  time  difference  between  feet  puleea  in  the  two  counters. 
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Humid  dels?  cables  lnssrtsd  bstwasn  the  oountsr  nd  oonvertsr  Inputs 
establish  thft  tine  soalft  bgr  shifting  th*  peak  of  the  distribution  s  glean 
amount.  This  calibration  was  Unsar  to  within  2%  and  remained  stable  to 
within  2Jk  over  periods  of  several  days.  A  "prompt"  curve,  obtained  bgr 
using  the  gamma  rays  of  Co^®  (see  fig*  1),  has  a  width  at  half  Saadana 
of  0.75  x  1CT9  sec. 

After  approximately  a  ten  hour  run  a  distribution  of  positron  life* 
times  was  obtained.  The  right  hand  slope  of  the  distribution  gives  the 
mean  life  of  the  positrons  In  a  particular  liquid  environment* 

RESULTS  AND  DISCUSSION 

Considering  just  the  two  major  process,  piekoff  and  oxidation,  the 
total  annihilation  probability  was  found  to  be  the  sum  of  the  probabilities 
for  each  decay  mechanism.  For  sufficiently  long  times  the  observed  decay 
constant  A*  will  be  A<  s  A.*  Ar  if  A. *  Aj>  &.  A+.  or 

At  •>  Af  if  A.  +  Afi-Af  ,  where 

A*  Is  the  oxidation  probability  per  unit  time,  A,  Is  the  piekoff  exsdhlla* 
don  probability,  and  Af  Is  the  free  position  annihilation  probability  per 
unit  tlma.^ 

The  time  distribution  of  position  decay  In  the  eolations  HMnO^  ,  HgQl2, 
and  KIOj  elaarty  shows  an  exponential  decay  that  is  tha  result  of  oxidation 
taking  place*  Two  effects  serve  as  evidence  that  Pa  la  really  oxidised* 
first,  the  amount  of  the  oxidising  agent  added  to  shorten  the  mean  life 
from  water  by  a  given  amount  is  rsleted  to  the  oxidation  potential  of  ths 
negative  or  positive  ion  in  question  (HnOj^ ,  Ng*J  10^  )•  Seoood,  ths  varta- 
tion  of  positron  assn  Ilfs  with  different  concentrations  of  these  solutions 
lrnt1yift‘T»<  that  A*  is  proportional  to  oonoent ration}  this  proportionality 
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ia  shown  la  H|«  X  for  a  KMbO^  solution.  In  fig.  2  tha  Man  lift  of  the 
potitron  mi  plottad  aa  a  funotion  of  oono  ant  ration)  tha  solid  ourvs  wi 
drum  under  tha  aaauaptlon  that  A*  la  proportional  to  concentration.  Tha 
observed  man  life.  »  WM  calculated  as  a  funotion  of  A.  by  letting 

A.  vary  by  factors  of  two  in  "units"  of  Ap  »  corresponding  to  similar 
changes  in  concentration.  The  experimental  points  provide  a  good  fit  to 
the  calculated  curve. 

In  the  region  of  high  concentrations  Pig.  2  also  shows  that  the  ourves 
for  KJtaO^  and  Hgd2  reach  a  constant  value)  this  value  is  almost  the  same 
for  both  solutions  and  equals  approximately  U.3  x  KT3,0  sec.  At  these 
concentrations,  where  the  condition  A.*  Apt  Af  1s  fullfilled,  a  constant 
■"“  *“*  **  .  b  th.  UMt  of  Mjh  conorot  rations 

the  oxidising  ions  destroy  Ps  as  quickly  as  it  is  formed  leaving  all  the 
positrons  free  in  water  with  a  constant  probability  of  decay. 

The  lower  limit  of  Tj.  at  high  concentrations  is  a  convincing  demon¬ 
stration  of  the  oxidation  phenomenon,  if  it  could  be  shown  that  the  value 
for  this  mean  life  can  really  be  assigned  to  free  positrons  in  solution. 

A  separate  determination  of  ^  can  bo  mode  from  the  complex  decay  of  positrons 
in  para  water.  The  density  of  a  1/U  M  solution  of  DtoO^  is  only  W  greater 
than  water  and  la  therfore  similar  to  water,  as  far  aa  free  therms Used 
positrons  are  oonoemed.  The  slope  o^^png  exponential  in  water,  determined 
by  the  decay  of  triplet  Ps  through  tha  piokoff  process,  was  extrapolated 
to  t  *  0  and  subtracted  from  tha  total  oounts  to  obtain  the  short  lived 
oomponont  (Pig.  3).  The  short  man  life  T»  coma  from  the  annihilation 
of  free  positrons  in  mater.  The  moan  Ufa  oaleulatsd  in  this  way  was 
(U«2  f  .2)  x  10"10  sec.  Tha  aloes  agreement  between  7,  and  the  limiting 


7 


■mb  life  verifies  that  an  oxidation  pauses  reduces  tha  man  Ufa  in  thasa 
aolutions. 

Tha  aarliar  result  of  3  x  1CT^°  aao  obtained  by  Ball  and  Orsha*  uaing 
tha  "centroid  shift"  aathod  doaa  not  agree  with  this  value*  Oexhol*  pointed 
out,  however,  that  an  error  of  tha  order  of  10”10  aao  from  tha  inatru- 
mantatlon  alone  waa  possible  in  their  results *^ 

Considering  the  complex  nature  of  solutions,  it  la  surprising  that 
tha  explanation  of  tha  above  data  could  be  given  in  terns  of  Just  two 
prooeeaee,  oxidation  and  pickoff,  and  that  X  is  simply  proportional  to 
concentration*  To  pursue  tha  validity  of  those  assumptions  further,  the 
solutions  RgCBlJO^)^0^^0  end  HgCl2  were  studied*  Tha  negative  Iona  &“ 
end  ClOjj  produce  no  oxidation)  solutions  with  the  Cl”  ion  have  bean  studied 
previously,^  and  the  ablutions  Ba(C10jJ)2  and  Li(C10k),  studied  In  this 
work,  gave  similar  results  of  causing  no  oxidation*  The  l/B  M  ablution 
of  HgCClO^Jj*?^0  reduced  tha  TV.  component  by  oxidation,  but  by  an  amount 
loss  than  the  Hg^  ion  in  a  l/B  M  solution  of  HgCl^*  This  seems  to  ladl* 
oats  s  greater  association  between  tha  Clo£  and  Hg^  ions,  which  reduces 
tha  ability  of  Hg^to  oxidise  Pa*.  Thera  is  supporting  evidence  for  this 
reasoning  f  rd*  choral oal  data  whloh  gives  the  ClQ^  ion  a  larger  associa¬ 
tion  constant  than  Cl-. 

Another  teat  of  fee  association  affect  was  made  by  mixing  a  1/16  N 
ablution  of  Rg£L2  with  a  1/32  M  ablution  KMoO^*  Tha  observed  non  life 
for  positrons  as a  greater  than  In  tha  pure  DbO^  indicating  worn  type 
of  association  which  greatly  reduoed  tha  onrtdlalng  power  of  both  tha  Hg'*’*' 
and  MteDjJ’  Iona* 

Tha  intensity  of  tha  long  lived  oomponact  is  a  measure  of  tha  now* 
bar  of  positrons  that  for*  theraaliaed  triplet  Pa*  The  intenalty  was 
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takan  u  the  percentage  of  trua  oounts  in  tha  long  lived  exponential  to 
tba  total  number  of  oounta  In  tha  entire  distribution.  In  water  and  poor 
oxidising  solutions  that  esusa  no  significant  dsorsass  in  51  ,  tha  in*> 
tansity  was  Zl*$%,  A  2  M  solution  of  produced  an  unsTpaot- 

sd  dsorsass  in  tha  intensity*  sae  Fig.  I».  A  similar  result  was  obtained 
for  NaNO^  by  Oram  and  Ball)  a  large  reduction  in  intensity  was  observed 
with  no  significant  change  in  the  long  lifetime  itself. ^  This  offset  waa 
explained  by  assuming  that  many  of  tha  free  positrons  are  captured  by  tha 
HOj**  ion  forming  a  stable  compound.  Ths*new  "molecule”  than  decays  at  a 
rate  comparable  to  singlet  Pe,  thus  rsduoing  tha  intensity.  By  assuming 
this  electron  capture  process  tha  variation  of  intensity  as  a  function 
of  HOj-  concentration  was  explained)  however,  the  assumption  becomes  same* 
what  unsatisfactory  Whan  this  affect  did  not  even  appear  /^atx  other 
monovalent  negative  ions  (  Cl"  ,  CIO3”,  CIO^-",  BrOj" ,  IOj"  ,  mid  NnO^  ), 
studied  in  this  work,  hot  does  appear  associated  with  the  positive  Pb'*"*' 
ion. 

diving  a  detailed  picture  of  tha  Ora  gap  in  a  complex  liquid  medium 
wouU  ha  difficult,  but  a  closer  consideration  of  tha  energy  available 
for  Pa  formation  might  still  prove  useful  for  explaining  the  above  affect. 
The  pa  atom  mq r  be  formed  with  a  kinetic  energy  of  up  to  2  ev,  100  times 
greater  than  its  thermal  energy*  Even  though  tha  theraalisation  time  la 
e*iy  10 f*°  sea,  one  would  expect  that  rtth  this  addad  kinetic 
energy  the  ?■  atom  oould  be  oxidised  tqr  an  agent  whose  electron  affinity 
in  rrtuti**  is  equal  to  or  lass  than  the  Pa  atom.  Sines  in  the  esperlasmt 
tha  ia  viewed  at  times  long  oosgmrmd  to  tba  themalisaticn  time, 

this  effect  would  just  appear  as  a  decrease  ia  tha  intensity  of  the  long 


livid  ooaponaot.  tha  oonolaslon  la  that  Pa  oan  ba  oaridiaad  before  it  ia 
thermaliaed  by  tba  Pb^aad  HOj  ione,  but  not  afteraaxda* 

Tha  apaad  of  tha  raaetlon  beteeen  Pa  atom  and  both  negative  and 
positive  iona  haa  baan  aaaaurad  directly.  Thia  apaad  «u  not  only  relatad 
to  tha  oxidation  potential  of  the  lone*  but  also  to  tha  degree  of  aaaoo- 
iation  oo curing  in  tha  eolation.  Future  etudies  involving  both  lifetime 
and  intensity  measurements  nay  help  to  g±m  more  information  on  tha  nature 
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